Chronic graft-versus-host disease (cGVHD) is an autoimmune-like syndrome mediated by pathogenic CD4 + T and B cells, but the function of extrafollicular and germinal center CD4 + T and B interactions in cGVHD pathogenesis remains largely unknown. Here we show that extrafollicular CD4 + T and B interactions are sufficient for inducing cGVHD, while germinal center formation is dispensable. The pathogenesis of cGVHD is associated with the expansion of extrafollicular CD44 hi CD62 lo PSGL-1 lo CD4 + (PSGL-1 lo CD4 + ) T cells. These cells express high levels of ICOS, and the blockade of ICOS/ICOSL interaction prevents their expansion and ameliorates cGVHD. Expansion of PSGL-1 lo CD4 + T cells is also prevented by BCL6 or Stat3 deficiency in donor CD4 + T cells, with the induction of cGVHD ameliorated by BCL6 deficiency and completely suppressed by Stat3 deficiency in donor CD4 + T cells. These results support that Stat3-and BCL6-dependent extrafollicular CD4 + T and B interactions play critical functions in the pathogenesis of cGVHD.
A llogeneic hematopoietic cell transplantation (HCT) is a curative therapy for hematological malignancies, certain hereditary disorders, and refractory autoimmune diseases 1 . Chronic graft-versus-host disease (cGVHD) remains a major obstacle to the success of this treatment 2, 3 . Chronic GVHD presents with multi-organ pathology and common diagnostic features, as outlined by the NIH consensus criteria. Manifestations include skin pathology varying from lichen planus-like lesions to extensive cutaneous sclerosis, bronchiolitis obliterans as well as salivary and lacrimal gland pathology 4 . Chronic GVHD is an autoimmune-like syndrome caused by the interactions of donor CD4 + T and B cells and production of IgG 2, 5-9 . Chronic GVHD often follows acute GVHD. The pathogenic autoreactive CD4 + T cells in cGVHD can derive from CD4 + T cells in the graft or from T cells generated de novo in a thymic environment damaged by acute GVHD 7 . Due to the destructive effect of alloreactive and autoreactive T cells and IgG antibodies, cGVHD recipients often have lymphopenia at the disease onset [9] [10] [11] . This feature differs from other autoimmune diseases (for example, systemic lupus, multiple sclerosis, and type 1 diabetes) that usually have increased numbers of lymphocytes in lymphoid tissues at disease onset 12 .
IgG antibody production by B cells requires CD4 + T-cell help 13 . CD4 + T-and B-cell interactions occur as multistage and multifactorial processes at the extrafollicular T-B border and in follicular germinal centers (GC) 14 . GC formation requires T-and B-cell expression of BCL6 15 . In brief, naive CD4 + T cells interact with dendritic cells (DC) in the T-cell zone of a lymphoid follicle and differentiate into Th1, Th2, Th17, and pre-Tfh under different cytokine and microenvironment regulation. Under the influence of IL-6 and ICOS signaling, CD4 + T cells upregulate the expression of Stat3 and BCL6, and subsequently upregulate the expression of CXCR4, CXCR5, and IL-21, downregulate the expression of CCR7 and PSGL-1(P-selectin glycoprotein ligand 1), and differentiate into pre-Tfh 14 . CCR7 (a ligand for CCL19 and CCL21) and PSGL-1 help anchor T cells to CCL19 and CCL21 16 . Downregulation of CCR7 and PSGL-1 allows the pre-Tfh cells to migrate out of the T-cell zone and reach the T-B border to interact with B cells. This first stage of T-B interaction leads to the generation of short-lived plasma cells and production of low-affinity IgG1, and results in Immunoglobulin Isotype switching without somatic hypermutation [17] [18] [19] . In response to CXCL13 (a CXCR5 ligand) from follicular DCs, the CXCR5 hi pre-Tfh cells migrate further into the center of the B-cell zone to form GCs 20, 21 , where the Tfh and B-cell interaction results in somatic hypermutation, production of high affinity IgG, and formation of long-lived plasma cells 20, 22 .
Extrafollicular and follicular GC CD4 + T-and B-cell interactions have an important function in immune defense against infections 14, 20, 23 . Aberrant extrafollicular and follicular T-B interactions have been observed in autoimmune diseases 20, 24, 25 . For example, increased frequencies of Tfh or Tfh-like cells (CXCR5 + PD-1 hi or ICOS hi ) are observed in the spleen of systemic autoimmune Roquin san/san mice 24 and in the blood of certain patients with autoimmune Sjogren's syndrome 26 . Mice with systemic lupus have reduced numbers of Tfh in the spleen, but the numbers of extrafollicular PSGL-1 lo CXCR4 hi CD4 + T cells are increased 25 . In keeping with these observations, ectopic clusters of Tfh-like cells and B cells have been identified in the inflamed kidney tissues of patients with systemic lupus erythematosus 27 .
Enlargement of GCs and expansion of Tfh and GC B cells have been noted in the spleens of cGVHD mice in different donor → recipient strain combinations, including C57BL/6 (H-2 b ) → B10. BR (H-2 K ), LP/J (H-2 bc ) → B6 and B10.D2 (H-2 d ) → BALB/c (H-2 d ). Results from these studies indicate that GC formation is required for the persistence of cGVHD, suggesting that, like certain autoimmune diseases, the aberrant expansion of Tfh and B cells has an important function in cGVHD pathogenesis [28] [29] [30] . On the other hand, patients with active cGVHD have decreased numbers of Tfh-like cells in the blood 31 , and Tfh-like cells from the blood of cGVHD patients have an enhanced ability to stimulate IgG antibody production in vitro 32 . GC formation is usually associated with immunoglobulin somatic hypermutation 14 , but previous studies showed that allogeneic HCT recipients have gradual recovery of serum IgM, IgG1, and IgG3, but not IgG2 or IgA, and have reduced-immunoglobulin somatic hypermutation at 1 year after HCT, suggesting a lack of GC formation 33, 34 . Moreover, cGVHD onset is associated with lymphopenia in animal models and patients [9] [10] [11] 35 . Finally, in a cGVHD model with DBA/2 (H-2 d ) donors and MHC-matched BALB/c recipients, we showed that although IgG antibodyproducing B cells and their IgG antibodies have an important function in perpetuating skin damage in cGVHD recipients, lymphoid follicles are destroyed, and GCs are not observed 9 . Taken together, these conflicting results indicate that the function of GC formation in cGVHD pathogenesis remains unclear.
After HCT with grafts containing low numbers of C57BL/6 donor splenocytes, BALB/c recipients survive acute GVHD and then develop chronic GVHD characterized by scleroderma, lymphocytic bronchitis, and damage in the salivary and lacrimal glands, which reflect features of human chronic GVHD 7, 36 . In the current study, we used this model to explore the function of follicular and extrafollicular CD4 + T and B interactions in the pathogenesis of cGVHD. Our results indicate that extrafollicular T-and B-cell interactions have a critical function, whereas GCs are dispensable in the pathogenesis of cGVHD.
Results
Onset of cGVHD and lymphopenia is associated with the absence of GCs. To address the role of GC formation in cGVHD pathogenesis, BALB/c recipients were injected with T-celldepleted bone marrow (TCD-BM) plus 1 × 10 6 or 0.01 × 10 6 spleen cells from C57BL/6 donors. Recipients given TCD-BM alone showed no signs of GVHD (no-cGVHD). Recipients given 1 × 10 6 spleen cells developed severe clinical cGVHD with hair loss, and only~40% survived for more than 60 days (severe cGVHD) ( Fig. 1a-c ). Recipients given 0.01 × 10 6 spleen cells showed mild signs of cGVHD ( Fig. 1a -c) and mild reduction of thymic CD4 + CD8 + thymocytes ( Supplementary Fig. 1 ).
Lymphoid follicles and GCs in the spleen of the recipients were measured with immunofluorescent staining of tissue sections. We used anti-B220 to visualize B-cell zones, anti-CD3 to visualize Tcell zones and peanut agglutinin (PNA) to identify GCs (Fig. 1d ). The GC areas and numbers were measured at days 15, 30, and 60 after HCT. We found no GCs at 15 days after HCT in any recipients ( Supplementary Fig. 2 ). Well-formed GCs were present in no-GVHD recipients at 30 and 60 days after HCT ( Supplementary Fig. 3 and Fig. 1d ). Recipients with mild cGVHD also had GC formation, slightly reduced in size and numbers, as compared to no-GVHD recipients (Fig. 1d , e and Supplementary  Fig. 3 ). GC enlargement was not observed in any recipients at any time. In contrast, no GCs were observed at any time in recipients with severe cGVHD ( Fig. 1d, Supplementary Figs 2 and 3) .
To further validate these initial observations, additional experiments were carried out in three other donor-recipient strain combinations [28] [29] [30] . In the MHC-matched LP/J → C57BL/6 model, recipients were divided into two groups, severe cGVHD and mild cGVHD, based on the severity of cutaneous cGVHD, survival, and histopathology ( Supplementary Fig. 4A -D). We measured GC formation in the spleen at 60 days after HCT.
Compared to no-GVHD recipients given TCD-BM alone, recipients with severe cGVHD showed destruction of lymphoid follicles and absence of GCs ( Supplementary Fig. 4E ). Recipients with mild cGVHD had lymphoid follicles and GC formation, but the GCs appeared to be smaller than in no-GVHD recipients ( Supplementary Fig. 4E ). These results were consistent with flow cytometry showing decreased percentages of CXCR5 hi PD-1 hi T FH and Fas + GL7 + GC B cells in splenocytes from recipients with cGVHD ( Supplementary Fig. 4F , G). Results of immunofluorescent tissue staining were similar in experiments with the C57BL/6 → B10.BR model ( Supplementary Fig. 5A ).
To further validate our staining of GCs, we used the combination of IgM and PNA or IgD and GL7 to visualize GCs, as used by others 30, 37 . In the C57B/6 → B10.BR model, smaller GCs were observed in recipients with mild cGVHD, and no GCs were observed in the recipients with severe cGVHD ( Supplementary Fig. 5B ). Additionally, in LP/J → C57BL/6 model, no-GVHD recipients given TCD-BM alone showed lymphoid follicles and GCs, but cGVHD recipients showed destruction of lymphoid follicles and absence of GCs under two different staining combinations ( Supplementary Fig. 6A, B ). Chronic GVHD was also associated with destruction of lymphoid follicles and absence of GCs in the MHC-matched B10.D2 → BALB/c model 38 ( Supplementary Fig. 7 ). Taken together, these results show that cGVHD is associated with destruction of lymphoid follicles and absence of GCs.
Chronic GVHD is induced in the absence of GC formation. We tested whether induction of cGVHD requires GC formation. Mice with BCL6 deficiency in T or B cells cannot form GCs 15, 39 . BCL6 fl/fl Mb1-Cre +/− C57BL/6 mice have BCL6 deficiency specifically in B cells (B-BCL6 −/− ) 40 . TCD-BM and spleen cells from B- No germinal center formation is observed in cGVHD recipients. BALB/c mice were irradiated (850 cGy) and given 2.5 × 10 6 TCD-BM alone (n = 6) or 2.5 × 10 6 TCD-BM plus 1 × 10 6 (n = 8) or 0.01 × 10 6 (n = 8) splenocytes from C57BL/6 donors. Mice were monitored for cGVHD. a Cutaneous cGVHD score (severe cGVHD group versus no-GVHD group: P < 0.001, severe cGVHD group versus mild cGVHD group: P < 0.001, two-way ANOVA). b Picture taken on day 60 after transplantation (1-no GVHD, 2-mild cGVHD, 3-severe cGVHD). c Survival curve (severe cGVHD group versus no GVHD group: P < 0.001, severe cGVHD group versus mild cGVHD group: P < 0.001, log-rank test). d Immunofluorescent staining of B220, CD3, and PNA on cryosections of spleen harvested on day 60 after HCT. e Germinal center number and area were measured and are shown as mean ± SE (n = 6). Scale bar, 50 µm BCL6 −/− or B-BCL6 +/+ control littermates in the C57BL/6 background were transplanted into lethally irradiated BALB/c recipients as described in "Methods" section and previous publication 7 . Recipients given B-BCL6 +/+ or B-BCL6 −/− TCD-BM cells (2.5 × 10 6 ) alone showed no signs of GVHD (B-BCL6 +/+ or B-BCL6 −/− no GVHD). Recipients given additional spleen cells Chronic GVHD was induced in recipients without germinal center formation. BALB/c recipients were irradiated (850 cGy) and given 2.5 × 10 6 TCD-BM alone (n = 12) or 2.5 × 10 6 TCD-BM plus 1 × 10 6 (n = 12) splenocytes from either WT C57BL/6 or BCL6 fl/fl Mb1-Cre C57BL/6 donors. cGVHD development was monitored. a Cutaneous cGVHD score. b Picture taken at day 60 after HCT (1 and 3-B-BCL6 +/+ no GVHD and cGVHD, 2 and 4-B-BCL6 −/− no GVHD and cGVHD). c Percent body weight changes. d Survival curve. e Sixty days after transplantation, spleens were harvested and germinal centers were identified by immunofluorescent staining of B220, CD3, and PNA, and GC area and numbers were measured and are shown as mean ± SE (n = 6). f Donor splenocytes were stained for CD4, CD19, CXCR5, and PD-1. Tfh were gated as CD4 + CD19 − and are shown as CXCR5 hi PD-1 hi . Percentages of CXCR5 hi PD-1 hi cells among CD4 + CD19 − cells were shown as mean ± SE (n = 6). g Donor splenocytes were stained for CD19, GL7, and Fas. Fig. 3 cGVHD is associated with expansion of PSGL-1 lo CD4 + T cells. BALB/c recipients were irradiated (850 cGy) and given 2.5 × 10 6 TCD-BM or 2.5 × 10 6 TCD-BM plus 1 × 10 6 splenocytes from C57BL/6 donors. a, b Twenty-one, 30, and 45 days after HCT, spleen and lung were harvested. Splenocytes and mononuclear cells isolated from lung were stained for CD4, CD44, PSGL-1, and CD62L. Gated CD4 + CD44 hi are shown as PSGL-1 versus CD62L. PSGL-1 low and CD62L low cells were gated as extrafollicular CD4 + T cells. Percentages of PSGL-1 lo CD62L lo cells among CD4 + CD44 hi cells are shown as mean ± SE (n = 8). c Twenty-one days after HCT, splenocytes from no-GVHD or cGVHD recipients given wild-type C57BL/6 transplants were harvested and stained for CD4, CD44, PSGL-1, and CD62L. CD44 hi CD62L lo PSGL-1 lo CD4 + T cells were sorted and used for RNA isolation and RNA-Seq microarray analysis. Heat maps of RNA expression of CXCR4, CXCR5, and CCR7 are shown as mean centered log 2 expression. RNA-Seq microarray measurements were performed on duplicate samples from no-GVHD group and cGVHD group. Each sample represents splenocytes from eight recipients. d Twenty-one days after HCT, sorted CD4 + CD44 hi PSGL-1 lo CD62L lo cells were stimulated with PMA and ionomycin for 24 h. Stimulated cells were stained and are shown as CD4 versus IFN-γ, IL-13, IL-17, or IL-21. Percentages of CD4 + IFN-γ + , CD4 + IL-13 + , CD4 + IL-17 + , or CD4 + IL-21 + cells among CD4 + T cells are shown as mean ± SE (n = 9). *P < 0.05, ***P < 0.001, unpaired two-tailed Student's t test NATURE COMMUNICATIONS | DOI: 10.1038/s41467-017-00880-2 ARTICLE NATURE COMMUNICATIONS | 8: 978 | DOI: 10.1038/s41467-017-00880-2 | www.nature.com/naturecommunications B-BCL6 −/− -cGVHD), and~60% died by 60 days after HCT. We found no significant differences between the two groups, as judged by clinical manifestations ( Fig. 2a-d ), histopathology (Supplementary Fig. 8 ), or thymus damage ( Supplementary Fig. 9 ). Lymphoid follicles and GC area and numbers were also measured by immunofluorescent staining 60 days after HCT. B-BCL6 +/+ -no-GVHD recipients had intact lymphoid follicles and GCs, while B-BCL6 −/− -no-GVHD recipients had lymphoid follicles without GCs, as expected ( Fig. 2e , top rows). Lymphoid follicles were damaged in both B-BCL6 +/+ -cGVHD and B-BCL6 −/− -cGVHD recipients, and no GCs were detected in either recipient group ( Fig. 2e , lower rows). Consistent with the well-preserved lymphoid follicles in both B-BCL6 +/+ and B-BCL6 −/− -no-cGVHD recipients, we detected comparable and abundant percentages of T2 B cells (CD23 + IgD hi IgM hi CD21 + ), follicular B cells (CD23 + IgD hi IgM lo CD21 + ), and T1/marginal zone B cells (CD23 -IgD lo IgM hi ) by flow cytometry (Supplementary Fig. 10A, B ). In a striking contrast, B-cell subsets were barely detectable in either B-BCL6 +/+ -cGVHD or B-BCL6 −/− -cGVHD recipients ( Supplementary Fig. 10A, B) .
To further validate the absence of GCs observed with immunofluorescent staining, we measured the percentage of Tfh and GC B cells in the spleen of recipients by using flow cytometry. Tfh cells were identified as CD4 + CD19 − PD-1 hi CXCR5 hi , and GC B cells were identified as CD19 + Fas + GL7 + , as previously described 28, 37 . Consistently, BCL6 deficiency in B cells led to~10-fold reduction in the percentage of Tfh and GC B cells in B-BCL6 −/− -no-GVHD recipients as compared to B-BCL6 +/+ -no-GVHD recipients ( Fig. 2f , g). GVHD caused 65% reduction in the percentage of Tfh and GC B cells in B-BCL6 +/+ -cGVHD recipients as compared to B-BCL6 +/+ -no-GVHD recipients, although the percentages of these cells were still significantly higher than in B-BCL6 −/− -cGVHD or B-BCL6 −/− -no-GVHD recipients ( Fig. 2f, g) . Taken together, these results indicate that GC formation is not required for induction of cGVHD and its associated lymphopenia.
Chronic GVHD is linked with PSGL-1 lo CD4 + T-cell expansion. We explored how extrafollicular CD4 + T-and B-cell interaction could mediate cGVHD. PSGL-1 has been recently described as a new immune check point for T cells 41 , and extrafollicular CD4 + T cells in autoimmune mice have decreased expression of PSGL-1 42 . Extrafollicular CD4 + T cells were identified as CD44 hi CD62 lo PSGL-1 lo CD4 + (PSGL-1 lo CD4 + ) T cells with highlevel expression of ICOS, increased expression of CXCR4, and decreased expression of CXCR5, while T FH had increased expression of CXCR5. PSGL-1 lo CD4 + T cells also had increased production of IFN-γ, IL-13, and IL-21 25 . Because expansion of PSGL-1 lo CD4 + T cells was observed in mice with autoimmune lupus 25 , we tested whether this population was also expanded during the pathogenesis of cGVHD. In our model, evidence of cutaneous GVHD begins at~20 days after HCT and develops rapidly between days 30-45 after HCT (Figs. 1a and 2a). Therefore, we measured the percentage of PSGL-1 lo CD4 + T cells among total donor CD4 + T cells in the spleen, lung, and liver on days 21, 30, and 45 after HCT.
WT C57BL/6 donor grafts were transplanted into lethally irradiated BALB/c recipients as described in Fig. 1 . As compared with no-cGVHD recipients given TCD-BM cells, cGVHD recipients given spleen cells had~5-fold higher percentages of PSGL-1 lo CD4 + T cells in the spleen, lung, and liver on day 21 (Fig. 3a, b and Supplementary Fig. 11 ). The difference subsequently diminished in the spleen but was maintained in the lung and liver on day 30 and then disappeared by day 45 after HCT (Fig. 3a, b and Supplementary Fig. 11 ). The expanded PSGL-1 lo CD4 + T cells from the spleen of cGVHD recipients had slightly increased expression of CXCR4 but obviously decreased expression of CXCR5 and CCR7, as measured by RNA-seq analysis and suitably confirmed by real-time PCR ( Fig. 3c and Supplementary Fig. 12 ). They also had 3-5-fold higher percentages of IFN-γ + , IL-13 + , IL-17 + , and IL-21 + cells ( Fig. 3d ). On the other hand, even at the peak expansion time of PSGL-1 lo CD4 + cells, day 21 after HCT, there was no obvious expansion of Tfh cells in the spleen of cGVHD recipients ( Supplementary Fig. 13 ).
These results indicate that cGVHD development is associated with expansion of PSGL-1 lo CD4 + T cells but not Tfh cells.
In addition, expansion of PSGL-1 lo CD4 + T cells was also observed in MHC-matched LP/J (H-2 bc ) donor → C57BL/6 (H-2 b ) model. Compared with no-cGVHD recipients given TCD-BM, cGVHD recipients given additional donor spleen cells had~10-fold increase in percentages of PSGL-1 lo CD4 + T cells in the spleen of recipients at 21 days after transplantation ( Supplementary Fig. 14A ). In contrast, there was no expansion of PSGL-1 lo CD4 + T cells in C57BL/6 recipients given syngeneic transplants ( Supplementary Fig. 14B ). These results indicate that expansion of PSGL-1 lo CD4 + T cells in cGVHD recipients is driven by MHC-matched and mismatched alloimmune responses but not by homeostatic expansion.
Blocking ICOS/ICOSL binding reduces PSGL-1 lo CD4 + T expansion. ICOS-dependent expansion of extrafollicular PSGL-1 lo CD4 + T cells is important in autoimmune pathogenesis in MRL lpr mice that have defective GC formation 25 . By RNA-seq analysis, we found that PSGL-1 lo CD4 + T cells in cGVHD recipients with destruction of GCs upregulated expression of ICOS, although they downregulated expression of other costimulatory and coinhibitory molecules such as PD-1, CD80, and PD-L1 (Fig. 4a ). The upregulation of ICOS and downregulation of PD-1, CD80, and PD-L1 were suitably confirmed by real-time PCR ( Supplementary Fig. 15 ). We tested whether blockade of ICOS and ICOS-ligand interaction prevented expansion of PSGL-1 lo CD4 + T and induction of cGVHD in recipients given B-BCL6 −/− grafts, because these recipients have only extrafollicular CD4 + T and B interactions but no follicular GC formation. Accordingly, lethally irradiated BALB/c recipients were transplanted with spleen and TCD-BM from B-BCL6 −/− C57BL/6 donors and treated with blocking anti-ICOS mAb or control rat IgG2b (200 µg/mouse), every other day from days 0 to 45 after HCT. Recipients given TCD-BM alone were used as no-cGVHD controls. ICOS blockade markedly ameliorated cGVHD severity as judged by clinical score, survival, and histopathology ( Fig. 4b-f ).
As compared to cGVHD recipients treated with control rat IgG2b, recipients with cGVHD prevented by ICOS blockade had a marked reduction in the percentage of PSGL-1 lo CD4 + T cells in the spleen, lung, and liver ( Fig. 5a ), which was associated with reduction of serum anti-dsDNA-IgG concentrations (Fig. 5b) . In addition, we tested whether the reduced percentages of PSGL-1 lo CD4 + T cells were associated with specific blockade of ICOS and ICOS-ligand interaction. As compared with CD4 + T cells from recipients treated with control rat IgG2b, the CD4 + T cells from recipients treated with anti-ICOS mAb had reduced direct anti-ICOS staining with increased anti-rat IgG2b staining ( Fig. 5c, d) , indicating that anti-ICOS (IgG2b) mAb bound to the ICOS expressing CD4 + T cells and blocked anti-ICOS staining. Furthermore, anti-ICOS mAb treatment led to upregulated expression of ICOS-L by B cells, indicating disruption of ICOS-ICOSL interaction between CD4 + T and B cells ( Fig. 5e ). Taken together, these results indicate that in recipients without GC formation, blockade of ICOS/ICOSL interaction reduces Anti-ICOS treatment ameliorates cGVHD in recipients without GC formation. a As described in Fig. 3 , 21 days after HCT, splenocytes from no-GVHD or cGVHD recipients given wild-type C57BL/6 donor cells were harvested and stained for CD4, CD44, PSGL-1, and CD62L. CD44 hi CD62L lo PSGL-1 lo CD4 + T cells were sorted and used for RNA isolation and RNA-Seq microarray analysis. Heat maps of RNA expression levels of costimulatory and coinhibitory markers are shown as mean centered log 2 expression. RNA-Seq microarray measurements were performed on duplicate samples from no-GVHD group and cGVHD group. Each sample represents splenocytes from eight recipients. b-f BALB/c recipients were irradiated (850 cGy) and given either 2.5 × 10 6 TCD-BM (n = 8) or 2.5 × 10 6 TCD-BM plus 1 × 10 6 splenocytes (n = 12) from B-BCL6 −/− C57BL/6 donors. Recipients given 2.5 × 10 6 TCD-BM plus 1 × 10 6 splenocytes were treated with anti-ICOS or isotype control of rat IgG2b, 200 µg/mouse i.p., starting on day 0 and repeated every other day until day 45 after HCT. Chronic GVHD was monitored. b Cutaneous cGVHD score (Group 3 versus Group 2: P < 0.001 two-way ANOVA). c Picture taken on day 60 after HCT(1-no-GVHD, 2-isotype, 3-anti-ICOS extrafollicular PSGL-1 lo CD4 + T-cell expansion, reduces autoantibody production, and ameliorates cGVHD. These results suggest that extrafollicular PSGL-1 lo CD4 + T cells have a critical function in the pathogenesis of cGVHD.
Donor BCL6 deficiency reduces PSGL-1 lo CD4 + T expansion.
CD4 + T-cell expression of BCL6 is necessary for extrafollicular CD4 + T-and B-cell interactions in non-autoimmune mice 19 . Therefore, we tested the impact of BCL6 deficiency in donor Fig. 4 , BALB/c recipients were irradiated (850 cGy) and given 2.5 × 10 6 TCD-BM plus 1 × 10 6 splenocytes. Recipients were treated with anti-ICOS or control rat IgG2b (200 µg/mouse i.p.) every other day from day 0 to day 45 after HCT. a Twenty-one days after HCT, mononuclear cells from spleen, lung, and liver were stained for CD4, CD44, PSGL-1, and CD62L. Gated CD4 + CD44 hi cells are shown as PSGL-1 versus CD62L (n = 8). b Serum anti-dsDNA was measured at 45 days after HCT. c-e Twenty-one days after HCT, mononuclear cells from spleen, lung, and liver were stained with CD4, anti-rat IgG2b, or anti-ICOS, or stained with anti-CD19 and anti-ICOSL. Gated CD4 + T cells are shown as anti-rat IgG2b (c) or anti-ICOS (d) staining. e Gated CD19 + B cells are shown as ICOSL staining. One representative of four experiments is shown. **P < 0.01, ***P < 0.001, unpaired two-tailed Student's t test CD4 + T cells on induction of autoimmune-like cGVHD and expansion of PSGL-1 lo CD4 + T cells. Accordingly, TCD-BM (2.5 × 10 6 ) and spleen cells (1 × 10 6 ) from BCL6 fl/fl CD4-Cre-C57BL/6 (CD4-BCL6 −/− ) donors that have BCL6 deficiency specifically in CD4 + T cells or from control BCL6 fl/fl C57BL/6 (CD4-BCL6 +/+ ) littermates were transplanted into lethally irradiated BALB/c recipients. Recipients given TCD-BM alone from either donor showed no signs of GVHD (no-GVHD) and were combined into a single control group. Recipients given TCD-BM and spleen cells from control CD4-BCL6 +/+ donors developed severe cGVHD with weight loss and hair loss, and~75% died within 60 days after HCT ( Fig. 6a-d) . In contrast, recipients given TCD-BM and spleen cells from CD4-BCL6 −/− donors had weight loss and~30% mortality but no signs of cutaneous cGVHD ( Fig. 6a-d ). In addition, CD4-BCL6 −/− -cGVHD recipients showed little skin tissue damage by histopathology and had reduced damage in the thymus as indicated by higher numbers of CD4 + CD8 + thymocytes, but the extent of salivary gland damage was similar as compared to CD4-BCL6 +/+ -cGVHD recipients ( Supplementary Fig. 16 ). These results indicate that BCL6 deficiency in donor CD4 + T cells prevents cGVHD-associated damage in the skin and decreases damage in the thymus.
In the spleen of recipients given CD4-BCL6 −/− TCD-BM, GCs were not completely absent, but their size and numbers were decreased by more than 85% as compared to recipients given CD4-BCL6 +/+ TCD-BM ( Fig. 6e ). CD4-BCL6 +/+ -cGVHD recipients had no lymphoid follicles or GCs, while CD4-BCL6 −/− -cGVHD recipients had lymphoid follicles but no GCs (Fig. 6e) . Compared with CD4-BCL6 +/+ -cGVHD recipients, CD4-BCL6 −/− -cGVHD recipients had lower numbers of PSGL-1 lo CD4 + T cells in the spleen, lung, and liver (Fig. 6f) .
To further test the role of PSGL1 lo CD4 + T cells in skin and thymus damage in cGVHD recipients, sorted PSGL1 lo CD4 + T cells (1 × 10 6 ) from the spleen of cGVHD recipients given B-BCL6 −/− transplants at 21 days after HCT were injected into recipients given CD4-BCL6 −/− transplants. The control recipients were given transplantation buffer only. Injection of the PSGL1 lo CD4 + T cells augmented clinical signs of cutaneous GVHD and skin pathology and exacerbated loss of CD4 + CD8 + thymocytes ( Supplementary Fig. 17 ). These results indicate that expansion of extrafollicular PSGL-1 lo CD4 + T cells in cGVHD recipients is BCL6-dependent and that prevention of extrafollicular CD4 + T-cell expansion can effectively prevent induction of cutaneous cGVHD, although other manifestations of cGVHD persist.
Donor Stat3 deficiency reduces PSGL-1 lo CD4 + T expansion.
Transcription factors, Stat3 and BCL6, are both expressed by prefollicular CD4 + T cells and are required for differentiation of Tfh and GC formation 14, 39 . Therefore, we used RNA-seq analysis to compare the expression levels of these transcription factors in PSGL-1 lo CD4 + T cells from the spleen of no-GVHD recipients given WT-TCD-BM and cGVHD recipients given WT-TCD-BM and spleen cells. Although BCL6 was required for expansion of PSGL-1 lo CD4 + T cells in cGVHD recipients (Fig. 6 ), expression of BCL6 appeared to be downregulated in those cells (Fig. 7a ). However, expression of Stat3 in those cells was slightly increased although not significant, as measured by RNA-seq and suitably confirmed by real-time PCR analysis ( Fig. 7a and Supplementary  Fig. 18 ). These data suggested a possible function of Stat3 in maintaining the expansion of PSGL-1 lo CD4 + T cells and the induction of cGVHD. Therefore, we evaluated PSGL-1 lo CD4 + T-cell expansion and cGVHD induction by Stat3-deficient donor CD4 + T cells.
Accordingly, TCD-BM (2.5 × 10 6 ) and spleen cells (1 × 10 6 ) from Stat3 fl/fl CD4-Cre-C57BL/6 donors that have Stat3 deficiency specifically in CD4 + T cells (CD4-Stat3 −/− ) or from control Stat3 fl/fl C57BL/6 (CD4-Stat3 +/+ ) littermates were transplanted into lethally irradiated BALB/c recipients. Recipients given CD4-Stat3 −/− transplants had no clinical evidence of cGVHD in the skin and no mortality beyond day 15 after HCT ( Fig. 7b-e ). Prevention of cGVHD in recipients given CD4-Stat3 −/− grafts was confirmed by lack of damage in the thymus, as judged by normal percentages of CD4 + CD8 + thymocytes and the lack of damage in the skin and salivary glands ( Supplementary  Fig. 19 ). Although Stat3 −/− PSGL-1 lo CD4 + T cells expressed similar levels of BCL6 as compared to wild-type controls ( Supplementary Fig. 20 ), prevention of cGVHD in recipients given Stat3 −/− transplants was associated with lower percentages of PSGL-1 lo CD4 + T cells in the spleen, lung, and liver tissues ( Fig. 7f and Supplementary Fig. 21 ). The prevention of cGVHD was also associated with lower serum concentrations of anti-dsDNA-IgG ( Supplementary Fig. 22 ) and less IgG deposition in the skin and thymus ( Supplementary Fig. 23A, B ). In addition, recipients given CD4-Stat3 −/− grafts had increased percentages of Foxp3 + CD4 + Treg cells as compared to cGVHD recipients given WT grafts or CD4-BCL6 −/− grafts (P < 0.001, Supplementary  Fig. 24 ).
GC formation in recipients given CD4-Stat3 −/− TCD-BM was not completely absent, but the size and numbers of GCs were reduced by more than 50% (Fig. 7g ) as compared to no-GVHD recipients given CD4-Stat3 +/+ TCD-BM. Chronic GVHD recipients given CD4-Stat3 +/+ TCD-BM and spleen cells completely lost lymphoid follicles and GCs (Fig. 7g) . In contrast, cGVHDfree recipients given CD4-Stat3 −/− TCD-BM and spleen cells had preserved lymphoid follicles, and their GC size and numbers were similar to those in no-GVHD recipients given CD4-Stat3 −/− TCD-BM alone (Fig. 7g) .
We further evaluated the function of PSGL-1 lo CD4 + T cells in thymus damage early after HCT in recipients given Stat3 +/+ or Stat3 −/− transplants, because CD4 + T cells are important in damaging thymus via expression of FasL early after allogenic HCT 43 . Moreover, thymus damage is important in persistence of chronic GVHD 7, 9 . First, we measured thymus damage with immunofluorescent staining of thymic cortical (CK8) and medullary (UEA-1) epithelial cells and percentage of CD4 + CD8 + thymocytes at 10 and 30 days after HCT. We observed that thymus damage was similar in recipients given CD4-Stat3 +/+ or CD4-Stat3 −/− transplants at 10 days after HCT, with loss of UEA-1 + medullary epithelial cells and CD4 + CD8 + thymocytes (Fig. 8a) . By 30 days after HCT, the difference become obvious, and the recovery of cortical and medullary epithelial cells and CD4 + CD8 + thymocytes in recipients given Stat3 −/− transplants was much better than in recipients given Stat3 +/+ transplants (Fig. 8b) . The better thymic recovery in recipients given Stat3 −/− transplants was associated with much lower numbers of PSGL-1 lo CD4 + T cells in the spleen and marked reduction of infiltration in the thymus (Fig. 8c) . The PSGL-1 lo CD4 + T cells in the spleen of recipients also expressed lower levels of CCR9 and FasL (Fig. 8d ). CCR9 enables CD4 + T migration into thymus 44 and FasL expressed by the CD4 + T cells can mediate thymus damage 43 .
Taken together, these results indicate that deficiency of Stat3 in donor CD4 + T cells results in (1) marked reduction of expansion of extrafollicular PSGL-1loCD4 + T cells and reduction of their infiltration of thymus; (2) lower production of serum IgG autoantibodies and decreased IgG deposition in GVHD target tissues such as skin and thymus. Finally, reduction of PSGL-1loCD4 + T infiltration and decreased IgG deposition allow recovery of the thymus early after HCT with production of Foxp3 + Treg cells, leading to full prevention of cGVHD. We have demonstrated that GC formation is not required for induction of cGVHD. We showed that although bone marrow transplants with BCL6 deficiency specifically in B cells (B-BCL6 −/− ) were not able to form GCs, spleen cells from B-BCL6 −/− donors and WT donors induced similar severity of cGVHD. This observation is consistent with the observations that cGVHD in animal models and humans is often associated with lymphopenia at the disease onset [9] [10] [11] 35 . This observation is also consistent with the previous studies showing that allogeneic HCT patients did not have immunoglobulin somatic hypermutation, a process that requires GC formation 33, 34 . This observation is also consistent with results of a recent study showing that patients with active cGVHD had low numbers of Tfh cells in the blood 31 . Our observations differ from those in previous reports showing that cGVHD in murine models was associated with enlarged GCs and that GC formation was required for induction of cGVHD [28] [29] [30] . Explanations for the different results remain unclear.
Lymphopenia in cGVHD recipients results from damage to lymphoid niches 11 . Destruction or loss of GC formation in cGVHD may also result from damage to lymphoid niches during GVHD development. Follicular DCs and lymphotoxin-producing stromal cells represent important lymphoid niches 45 . Our recent publications 5, 9 indicate that alloreactive and autoreactive CD4 + T cells and antibodies from donor B cells contribute to destruction of B-cell follicles, GCs, and follicular DCs during chronic GVHD development.
We found that development of cGVHD is associated with expansion of PSGL-1 lo CD4 + T cells and with reduced percentages or loss of Tfh and GC B cells in the spleen. While cGVHD recipients showed loss of GCs and Tfh cells at the disease onset 21 days after HCT, recipients showed high percentages of PSGL-1 lo CD4 + T cells in the spleen, liver, and lung. The percentages of PSGL-1 lo CD4 + T cells declined to control levels at the peak time of cGVHD,~45 days after HCT. PSGL-1 lo CD4 + T cells expressed high levels of ICOS, IL-21, IL-13, and IL-17. Blockade of ICOS signaling effectively prevented their expansion and effectively ameliorated cGVHD. In addition, add-back of PSGL lo CD4 + T cells to recipients given CD4-BCL6 −/− transplants that cannot give rise to PSGL1 lo CD4 + T cells resulted in marked augmentation of damage in the thymus and development of cutaneous cGVHD. These results indicate that PSGL lo CD4 + T cells are important in the pathogenesis of cGVHD.
Our observations are consistent with previous reports that blockade of ICOS/ICOS-ligand interaction ameliorated acute and chronic GVHD 28, [46] [47] [48] . On the other hand, our experiments have unraveled the role of ICOS/ICOS-ligand interaction in augmenting expansion of extrafollicular PSGL-1 lo CD4 + T cells. Since there was an absence of GC in cGVHD recipients, amelioration of cGVHD by blockade of ICOS/ICOS-ligand interaction described in a previous publication 28 may not result from reduction of GC formation, but may result from blockade of interactions between extrafollicular CD4 + T cells and B cells. This conclusion is consistent with observations that development of lupus in MRL lpr mice is associated with expansion of PSGL-1 lo CD4 + T cells but not with expansion of Tfh cells 25 .
Our previous studies indicate that CD4 + T and B interactions and antibody production are required to perpetuate cGVHD and augment Th17 infiltration of skin tissues 6, 9 , suggesting that CD4 + T-and B-cell interaction may continue in GVHD target tissues, even after destruction of lymphatic tissues. This suggestion is consistent with our observation that the percentages of PSGL-1 lo CD4 + T cells in the spleen decreased shortly after the onset of cGVHD but persisted much longer in GVHD target tissues. Local T/B interactions in inflamed tissues is supported by non-Tfh CXCR5 − CD4 + helper T cells 49, 50 . Thus, we hypothesize that PSGL-1 lo CD4 + T cells and B cells may interact in GVHD target tissues in the pathogenesis of cGVHD. Further studies are needed to characterize the surface phenotype and function of PSGL-1 lo CD4 + T cells at different target tissues at different stages of cGVHD development, and to determine how PSGL-1 lo CD4 + T cells interact with B cells and other Th subsets during the pathogenesis of cGVHD.
Early after activation, CD4 + T cells downregulate CCR7 and PSGL-1 and migrate to T-B border; some of the CD4 + T cells become pre-Tfh under influence of cytokines (such as IL-6 and IL-21), with upregulation of Stat3 and BCL6 as well as CXCR5 and ICOS. Pre-Tfh CD4 + T cells can interact with B cells at the T-B border to produce IgG antibodies 14, 28 . We observed that, like pre-Tfh cells, PSGL-1 lo CD4 + T cells in cGVHD are also Stat3 and BCL6 dependent and express high levels of ICOS and IL-21. This observation indicates that PSGL-1 lo CD4 + T cells most likely develop at the T-B border during the pre-Tfh stage of development. Unlike pre-Tfh cells, however, PSGL-1 lo CD4 + T cells in cGVHD recipients express low levels of CXCR5. PSGL-1 lo CD4 + T cells in cGVHD recipients could be a subset of pre-Tfh cells, because pre-Tfh cells are heterogeneous, and some of them are CXCR5 lo28 .
Consistently, we and others have observed that high levels of IL-6 are associated with onset of cGVHD 35, 51, 52 . Mechanisms that drive expansion of PSGL-1 lo CD4 + T cells and the reasons why this expansion does not lead to formation of Tfh or GCs remain unclear. We hypothesize that GVHD-related alloimmunity damages the host-type follicular DC and stromal cells in lymphoid tissues early after HCT, before donor-type follicular DC and stromal cells join the lymphoid structure. This mechanism would explain why donor-type CD4 + T and B cells can interact at T-B border but cannot move forward to form intact lymphoid follicles or GCs.
Our recent study showed that IgG antibody production in cGVHD recipients is associated with destruction of lymphoid tissues 9 , suggesting that IgG antibodies resulting from extrafollicular CD4 + T and B interactions may augment damage to lymphoid structures, which can also prevent GC formation. Recipients given CD4-BCL6 −/− CD4 + T cells had lymphoid follicles but did not have GCs, unlike the destruction of lymphoid follicles in recipients given WT CD4 + T cells with cGVHD. This observation further supports our hypothesis that the interaction of autoreactive PSGL-1 lo CD4 + T cells with B cells and the production of IgG autoantibodies are important in damaging lymphoid structures.
Stat3 deficiency in donor CD4 + T cells fully prevented induction of cGVHD, but BCL6 deficiency in donor CD4 + T cells only partially prevented cGVHD, although both effectively prevented expansion of PSGL-1 lo CD4 + T cells. The difference may result from the ability of Stat3 to regulate development of Foxp3 + Treg and RoRγt + Th17 cells 53, 54 in addition to BCL6 + pre-Tfh and Tfh cells 14 , whereas BCL6 in CD4 + T cells regulates only the development of pre-Tfh and Tfh 39, 55 . Stat3 deficiency in donor CD4 + T cells not only reduced expansion of PSGL-1 lo CD4 + T cells and reduced their infiltration of thymus, but also reduced serum concentrations of anti-dsDNA autoantibody and deposition in thymus tissues, allowing for full recovery of the thymus and its production of Treg cells that control peripheral autoreactive T-cell expansion, leading to full prevention of cGVHD development. Our observations are not only consistent with previous reports that Stat3 deficiency in donor CD4 + T cells leads to production of thymus-derived natural Treg cells that are required to prevent cGVHD 56 , but also provide further evidence on explaining how Stat3 deficiency in donor CD4 + T cells allows full recovery of the thymus and production of natural Treg cells. We and others also showed that infusion or in vivo expansion of donor-type Treg cells can ameliorate ongoing cGVHD 57, 58 . On the other hand, deletion of Stat3 and BCL6 in CD4 + T cells decreases the numbers of follicular regulatory Treg cells 59, 60 . We observed that GC were tiny or absent in recipients given TCD-BM only or TCD-BM and spleen cells from donors with specific deletion of Stat3 or BCL6 in CD4 + T cells, suggesting that those recipients have low numbers of follicular Treg cells. However, cGVHD was absent in recipients given Stat3-deficient CD4 + T cells and showed decreased severity in recipients given BCL6deficient CD4 + T cells as compared to recipients given wild-type CD4 + T cells. These observations are consistent with our notion that extrafollicular CD4 + T and B interaction is critical in induction of cGVHD, and that peripheral Treg cells but not follicular Treg cells can regulate cGVHD development.
The pathogenesis of chronic GVHD is a complex process involving different Th subsets (i.e., Th1, Th2, and Th17), pre-Tfhlike PSGL-1 lo CD4 + T cells, B cells, and autoantibodies. The current study has revealed the important function of pre-Tfh-like PSGL-1 lo CD4 + T cells and their interaction with B cells in the pathogenesis of this disease. The mechanisms that enable PSGL-1 lo CD4 + T cells to cause cGVHD remain unclear. Here we propose a hypothesis to explain the role of pre-Tfh-like PSGL-1 lo CD4 + T cells in the pathogenesis of cGVHD. As depicted in the diagram (Fig. 9 ), during cGVHD development, allo-and autoreactive CD4 + T cells first interact with host-or donor-type DCs and differentiate into various Th subsets (i.e., Th1, Th2, and Th17), and some CD4 + T cells differentiate into pre-Tfh cells under the influence of IL-6 and ICOS. The pre-Tfh cells upregulate expression of Stat3, BCL6, IL-21, and CXCR4, but downregulate CCR7 and PSGL-1, and migrate from the T-cell zone to the T-B border. Unlike pre-Tfh cells in the lymphoid tissues of healthy mice that upregulate CXCR5 and migrate into the center of B-cell zone, the pre-Tfh-like PSGL-1 lo CD4 + T cells in cGVHD recipients maintain low-level expression of CXCR5 and persist at the T-B border, where they interact with donor B cells to produce low-affinity IgG1 with no somatic hypermutation. Pathogenic PSGL-1 lo CD4 + T cells and deposition of IgG1 antibodies damage lymphoid follicles, thereby preventing GC formation. In addition, pre-Tfh-like PSGL-1 lo CD4 + T cells and B cells may migrate into GVHD target tissues, such as skin and lung, to interact and produce IgG antibodies that augment the pathogenesis of cGVHD, which is exacerbated by infiltration of Th1 and Th17 cells 6, 9 . CXCR5 -PD-1 hi non-Tfh but Tfh-like CD4 + T cells interact with B cells in the inflamed tissues in mice with experimental allergic pneumonia 49 and in humans with rheumatoid arthritis 50 . Further studies are needed to elucidate the surface phenotype and B-cell helper function of PSGL-1 lo CD4 + T cells in different target tissues and at different stages of cGVHD. In addition, our current studies suggest that blocking the expansion of pre-Tfh-like PSGL-1 lo CD4 + T cells and augmenting the expansion of Foxp3 + Treg cells by blocking or targeting Stat3 in CD4 + T cells may be an effective approach for preventing or treating cGVHD. GVHD Induction and assessment of GVHD. The mice were irradiated by using a 137 Cs source at a dose of 850 cGy 8-10 h before HCT. Recipients were injected with 2.5 × 10 6 T-cell-depleted donor BM cells (TCD-BM) alone or 2.5 × 10 6 TCD-BM together with splenocytes 0.01 × 10 6 or 1 × 10 6 from C57BL/6 donors, 0.25 or 1 × 10 6 from B10.BR donors, or 10 × 10 6 from LP/J or B10.D2 donors. The assessment and scoring of clinical cutaneous GVHD were performed according to previous publications with mild modification 7, 9 . Mice were evaluated and scored based on the development of alopecia and ulcers on hair-bearing skin. Ulcers or scaling in non-hair-bearing skin (ears, tails, and paws) were also examined for scoring. (1) skin ulcers with alopecia < 1 cm 2 in area; (2) skin ulcers with alopecia 1-2 cm 2 in area; (3) skin ulcers with alopecia > 2 cm 2 ; (4) skin ulcers with alopecia > 30% body area.
Histopathology. Hematoxylin and eosin (HE) staining on formalin fixed paraffinembedded tissue slides were used for evaluation. Slides were examined at ×200 magnification, and tissue damage was blindly assessed according to our previous publications 7, 9 . Salivary gland GVHD was evaluated based on mononuclear cell infiltration and structural disruption, with a maximum score of 8. Skin GVHD was scored according to damage in the epidermis and dermis as judged by hyperplasia of epidermis, enlargement, fibrosis of dermis, and loss of subcutaneous fat with the maximum score 9. Lung tissue was evaluated on a scoring system based on perivascular and peribronchiolar infiltration and inflammation; the maximum score is 9. Liver was scored on the number of involved tracts and the severity of lymphocytic infiltration and liver cell necrosis with the maximum score of 9.
Antibodies for histoimmunofluorescent staining. FITC-labeled anti-mouse CD3 (145-2C11, #11-0031-82, 1:100) and GL7 (GL7, #13-5902-81, 1:200) were purchased from eBiosciences (San Diego, CA). Rat anti-mouse B220 (RA3-6B2, #550286, 1:100) and rat anti-mouse IgD (11-26c.2a, #553438, 1:100) were purchased from BD Biosciences (San Jose, USA). Biotinylated PNA (#B-1075,1:300), goat anti-mouse IgM (#FI-2020,1:100) and AMCA-labeled streptavidin (#SA-5008,1:300), biotinylated ulex europaeus agglutinin-1 (UEA-1, #B1065, 1:200) and FITC-labeled streptavidin (#SA-5001, 1:100) were purchased from Vector Laboratories (Burlingame, USA). Texas red-labeled goat anti-rat IgG (#T-6392, 1:500), Alexa Fluor ® 488-labeled goat anti-rat IgG (#A-11006, 1:500), and Alexa Fluor ® 488-labeled goat anti-mouse IgG (#A11001, 1:200) were purchased from Thermo Fisher Scientific (Waltham, USA). Rat anti-mouse cytokeratin 8 (#Troma-1 1:100) was purchased from Developmental Studies Hybridoma Bank (Iowa City, USA).
GC detection. Spleen was embedded in optimum cutting temperature compound and 5 µm thickness cryosections were used for staining. Three staining combinations were performed to detect GCs according to previous publications in order to ensure the reliability of staining. Combination 1: cryosections were stained with FITC-labeled anti-mouse CD3 combined with rat anti-mouse B220 and biotinylated PNA, followed by Texas red-labeled goat anti-rat IgG secondary antibody and AMCA-labeled streptavidin. Combination 2: cryosections were stained with FITClabeled goat anti-mouse IgM and biotinylated PNA followed by AMCAstreptavidin. Combination 3: cryosections were stained with rat anti-mouse IgD and biotinylated GL7 followed with Alexa Fluor ® 488-labeled goat anti-rat IgG secondary antibody and AMCA-streptavidin. Images were acquired on Olympus BX50 immunofluorescent microscope (Olympus, Center Valley, USA) at ×200 magnification.
IgG deposition and thymic epithelial cells staining. The detection of IgG deposition in skin and thymus tissues, and thymus epithelial cell staining was performed according to previous publications of our group and others with modest modification 9, 43 . Skin and thymus cryosections were stained with Alexa Fluor ® 488-labeled goat anti-mouse IgG for IgG deposition. Thymus cryosections were stained with biotinylated ulex europaeus agglutinin-1 (UEA-1) for medullary epithelial cells, and rat anti-mouse cytokeratin 8 for cortical epithelial cells followed by FITC-streptavidin or Texas red-labeled goat anti-rat IgG. Images were acquired on Olympus BX50 immunofluorescent microscope (Olympus, Center Valley, USA) at ×200 magnification. 1 lo CD4 + cells were sorted with a 6-laser Arial III immunocytometry system (DakoCytomation, Fort Collins, USA) and used for intracellular cytokine staining, RNA-seq analysis and in vivo adoptive transfer experiments. The gating strategies were shown in Supplementary Fig. 25 .
In vivo anti-ICOS treatment. Anti-mouse ICOS (7E.17G9) was purchased from Bio-X cell (West Lebanon, USA, #BE0059). The in vivo anti-ICOS treatment was performed according to previous report with modification 28 . The treatment started on the day of transplantation, and recipients were injected i.p. with 200 µg/mouse anti-mouse ICOS or isotype control (rat IgG2b, #BE0090) every other day until 45 days after transplantation.
Statistical analysis. Survival in different groups was compared using the log-rank test with the program GraphPad Prism, version 6.0 (GraphPad Software, San Diego, CA). Two-way ANOVA was used for comparing body weight changes and cutaneous cGVHD score in different groups. Unpaired two-tailed Student's t test was used to determine significant differences between two experimental groups.
Data availability. The total RNA sequencing data have been deposited and are available in the GEO database (GSE101552).
